INTRODUCTION {#s1}
============

Traumatic brain injury (TBI) is one of the death-related diseases with high morbidity and mortality, especially in children and young adults \[[@R1]\]. An estimated 10 million people worldwide suffer from TBI annually, and TBI will become the third most common cause of global disease burden by 2020 \[[@R2]\]. It initiates secondary cell death mechanisms that contribute to neurological dysfunction, such as motor and sensory dysfunction, and cognitive deficits in spatial learning and memory \[[@R3], [@R4]\]. The hippocampus is a key brain region for cognition, and is particularly vulnerable to injury \[[@R5]\]. TBI-related hippocampus damages, including neuron loss, impaired synaptic transmission and synaptic plasticity, is strongly related to cognitive impairments \[[@R6], [@R7]\]. There are a complex series of signaling molecules and pathways involved in cognitive deficits after TBI. It is well known that alteration of various genes are involved in pathophysiological processes of TBI \[[@R8]\]. More interestingly, epigenetic modifications, such as miRNAs dysregulation, may alter genes expression in the brain, especially hippocampus \[[@R9]--[@R13]\]. However, the precise molecular mechanisms underlying cognitive impairments following TBI remain largely unknown. Therefore, identification of the specific miRNAs and genes involved in TBI-mediated cognitive deficits is of great importance for developing novel therapeutic strategies for TBI.

MiRNAs, a class of endogenous small non-coding RNAs, could negatively regulate gene expression at the post-transcriptional level by binding to the 3'-UTR of target miRNAs, leading to their degradation and/or translational repression \[[@R14], [@R15]\]. It is estimated that mRNAs regulate more than 50% of human protein-coding genes \[[@R16]\]. Not surprisingly, the involvement of miRNAs in regulating various biological processes, including growth, development, differentiation and death, provides novel insights in disease research \[[@R17]\]. Additionally, some miRNAs exhibit phylogenetically conserved organ-specific and tissue-specific expression \[[@R18]\]. Sempere et al has identified a subset of brain-specific miRNAs, including miR-9, miR-124a/b, miR-135, miR-144, miR-153 and miR-183, whose expression behavior are conserved in both mouse and human differentiating neurons \[[@R19]\]. Suggesting miRNAs could play an important role in mammalian neuronal development/function and a variety of physiological processes in the central nervous system (CNS). For instance, miRNAs are implicated in dendriticspine development, regulated neurites outgrowth, maintained synaptic plasticity, controlled human neuronal differentiation, and promoted neurogenesis \[[@R20], [@R21]\].

Over the past several years, it has become clear that alterations of miRNAs expression could cause neurodegenerative disorders, including Alzheimer\'s disease (AD), Parkinson disease, Huntington disease, and ischemic stroke \[[@R22]--[@R24]\]. However, little attention has been paid to their roles in acute diseases for CNS, such as TBI. Like other diseases, the development of TBI is a multistep process with accumulation of genetic and epigenetic changes. Recently, Meissner L has investigated the temporal profile of miRNAs expression during the development of experimental TBI by microarray analysis, 9 miRNAs were significantly up-regulated (miR-21, miR-144, miR-184, miR-451, miR-2137) and down-regulated (miR-107, miR-137, miR-190, miR-541) in TBI compared with sham-operated mice \[[@R25]\]. Moreover, 10 miRNAs consistently up-/down-regulated have been reported at all five time points after TBI, among upregulation miRNAs in rat ipsilateral hippocampus also included miR-144 \[[@R10]\]. Meanwhile, a large number of target genes related to TBI pathophysiology in bioinformatics and gene ontology analyses were targeted by miR-144 and miR-340-5p \[[@R10], [@R25]\]. Recently, it is further demonstrated that strong positive correlations miR-144 and cognitive dysfunctions \[[@R26]\]. Although a number of miRNAs are associated with TBI have been identified to date, the involvement of miRNAs in TBI-induced pathophysiological alterations and the contribution of miRNAs to the TBI-mediated cognitive deficits remain to be elucidated. On the basis of these above findings, we mainly focused on expression and biological functions of miR-144, characterized by brain-specific expression, continuously elevated post-TBI, and closely related to TBI-induced cognitive function.

miR-144 was previously reported to be increased in the aging primate cerebellum, nonhuman primate cortex and AD patients \[[@R26]--[@R28]\]. It has been reported that the loss of miR-144 repressed proliferation and metastasis of glioblastoma (GBM) cells by targeting c-Met, which effectively predicted overall survival in glioma patients \[[@R29]\]. Furthermore, accumulative date demonstrated that the expression of miR-144 in brain microvascular endothelial cells plays a crucial role in regulation of blood-tumor barrier (BTB) permeability \[[@R30]\]. Notably, miR-144 appeared to be highly associated with the aging progression, neurodegenerative disorders and cognitive disorders by regulating the expression of ataxin 1 (ATXN1) at post transcription level \[[@R26]\]. Emerging evidence has shown the strongly association of aberrantly expressed miR-144 and neurological diseases \[[@R31]\]. However, the role of miR-144 in the development of TBI is not well documented.

In this study, the aberrantly expressed miR-144 in the plasma of TBI patients was first confirmed to be significantly up-regulated, which attracted our attention. Similarly, miR-144 also was determined to be dramatically increased in the rat model of TBI *in vivo* and neuron exposed to glutamate *in vitro*. Here, to further explore the functions and mechanisms of miR-144 in TBI, we mainly focused on the effects of miR-144 on cognitive outcome and related pathological changes. Moreover, we identified whether miR-144 negatively regulated ADAM10 expression by directly targeting to the 3′ UTR of ADAM10 mRNA, which is closely associated with β-amyloid induced cognitive deficits. However, this study will provide potential therapeutic targets for TBI-mediated cognitive impairments, and open a new avenue for TBI treatment by manipulating miRNAs levels.

RESULTS {#s2}
=======

Plasma miR-144 was up-regulated in TBI patients and correlated with clinical parameters {#s2_1}
---------------------------------------------------------------------------------------

We detected the circulating level of miR-144 in the TBI patients and the healthy controls with real-time PCR. Compared to the healthy controls, the levels of miR-144 were significantly increased in the plasma from the patients with TBI (Figure [1A](#F1){ref-type="fig"}). A remarkable increase of miR-144 in plasma was first confirmed in this study. In addition, the Glasgow Coma Scale (GCS) was employed to determine the neurological deficits after TBI to estimate the severity of brain injury. 13-15 GCS scores considered mild TBI, 9-12 GCS scores considered moderate TBI, and 3-8 GCS scores considered severe TBI. Next, we evaluated alterations of miR-144 expression in different severity of TBI patients, and found miR-144 levels were markedly up-regulated in severe TBI patients relative to moderate or mild subjects (Figure [1B](#F1){ref-type="fig"}), indicating that the higher level of miR-144 was positively correlated with the severity of brain injury. The correlation between miR-144 level and GCS scores was analyzed (Figure [1C](#F1){ref-type="fig"}). A negative correlation existed between miR-144 level and GCS scores. Thus, these results demonstrated that the level of miR-144 is clinically significant in the context of TBI.

![miR-144 expression was frequently up-regulated in TBI patients and experimental TBI rats\
**(A)** Plasma miR-144 levels were significantly increased in a large percentage of TBI patients (n=20) compared with healthy control subjects (n=10) detected by real-time PCR and normalized to the expression of U6. **(B)** The expresssion of miR-144 in the plasma of different degree of TBI patients. **(C)** Correlation between plasma miR-144 levels and GCS scores in TBI patients. **(D-G)** Relative expression of miR-144 were also markedly elevated in the plasma **(D)**, cerebrospinal fluid (CSF) **(E)**, hippocampus **(F)** and cortex **(G)** of experimental TBI rats at 6 h, 12 h, 24 h, 3 d, 7 d and 14 d post-injury. The data are represented as mean ± SD from three independent experiments. \**P*\< 0.05, ^\*^*P*\< 0.01 versus the normal or sham group.](oncotarget-08-59181-g001){#F1}

miR-144 was increased in the experimental TBI rats {#s2_2}
--------------------------------------------------

We further examined miR-144 expression of the blood and cerebrospinal fluid (CSF) samples in the rat model of TBI, at different time-points from 6 h-14 d post-trauma. The date showed miR-144 expressions were up-regulated in the plasma and CSF of TBI rats when compared with the sham group (Figure [1D](#F1){ref-type="fig"} and [1E](#F1){ref-type="fig"}). The relative expression levels of miR-144 increased from 6 h post-injury, reached the peak at 24 h post-injury, and then decreased gradually. To further investigate whether the increase of miR-144 has regional and spatial specificity in brain tissue. In previous animal models, the expression miR-144 in the cortex and hippocampus were examined with real-time PCR. The results indicated that miR-144 expression was significantly increased in the hippocampus (Figure [1F](#F1){ref-type="fig"}) and the cortex (Figure [1G](#F1){ref-type="fig"}) after TBI compared with that in sham group. Whereas, the upregulation of miR-144 in the hippocampus was more significant than in the cortex. The level of miR-144 in the hippocampus was up-regulated 6 h post-injury, peaked at 24 h post-injury and then gradually declined at 3-14 d post-TBI. The expression pattern of miR-144 was consistent with previous reports \[[@R10], [@R19]\]. Additionally, we observed the in-situ expression of miR-144 in the neurons and astrocytes at 24 h post-TBI using combined miRNA in-situ hybridization (ISH) and immunofluorescence (IF) staining (Figure [2](#F2){ref-type="fig"})

![Representative images of the immunostaining of in-situ miR-144 expressed by neurons **(A)** and astrocytes **(B)** in the hippocampus CA1 region. These were measured by immunofluorescence staining and observed under the confocal laser scanning microscope. Scale bars: 20 mm.](oncotarget-08-59181-g002){#F2}

Inhibition of miR-144 protected rats against TBI-induced brain injury {#s2_3}
---------------------------------------------------------------------

To investigate the roles of miR-144 in exprimental TBI rats, miR-144 agomir, antagomir, and their negative control were respectively injected into the lateral ventricle of rats following TBI. 48 h after the injection, the transfection efficiency of miR-144 in the hippocampus of rats was confirmed using real-time PCR (Figure [3A](#F3){ref-type="fig"}). The protective effects of miR-144 on brain injury were also evaluated by assessment of cortical lesion volume, brain edema, and the modified neurological severity score(mNSS) at different time-points after TBI, which were a surrogate marker for the histopathological outcome that impacted the cognitive dysfunction. The lesion volume and brain edema was reduced in TBI rats treated with miR-144 antagomir, whereas miR-144 agomir administration aggravated lesion volume and brain edema as compared to untreated TBI rats (Figure [3B](#F3){ref-type="fig"} and [3C](#F3){ref-type="fig"}). For the mNSS test, no difference in the neurological score was observed in rats injected with miR-144 agomir and antagomir at 1 d post-TBI. Compared with TBI group, mNSS score was increased in the miR-144 antagomir group and decreased in the miR-144 agomir group at 3 d, 7 d and 14 d post-TBI (Figure [3D](#F3){ref-type="fig"}). In addition, neuronal damage of hippocampus after TBI were assessed by immunohistochemical staining of apoptotic marker casepase 3. The result showed that miR-144 agomir aggravated neuronal death, whereas miR-144 antagomir attenuated neuronal injury (Figure [3E](#F3){ref-type="fig"}). Taken together, these results demonstrated that inhibition of miR-144 could decrease lesion volume, alleviate brain edema, and improve neurological deficit and histological outcome, suggesting effective neuroprotection of miR-144 knockdown against brain injury in TBI rats.

![The impacts of regulating brain miR-144 on brain injury and neurological deficits after TBI *in vivo*\
**(A)** Plasma miR-144 levels were increased in the miR-144 agomir group and decreased in the miR-144 antagomir group at 48 h post-TBI. miR-144 agomir, antagomir and their corresponding NC were injected by the lateral ventricle at 15 min post-TBI. **(B-C)** Effects of treatment with miR-144 agomir or antagomir on cerebral lesion volume **(B)** and brain edema **(C)** at 3 d post-trauma. **(D)** The long-term neurological function was assayed by mNSS test at 1 d, 3 d, 7 d and 14 d after TBI. **(E)** Representative images of immunohistochemical staining of caspase 3 protein. Bar, 20μm. The data are represented as mean ± SD from three independent experiments. \**P*\< 0.05, ^\*^*P*\< 0.01 versus the sham group, ^\#^*P*\< 0.05, ^\#\#^*P*\< 0.01 versus the TBI group.](oncotarget-08-59181-g003){#F3}

Inhibition of miR-144 improved TBI-induced cognitive impairment {#s2_4}
---------------------------------------------------------------

Spatial cognitive deficits was frequent comorbidities following TBI. Morris water maze (MWM) test was use to detect the changes of spatial learning and memory ability. Escape latency, the capability to navigate from a start location to a submerged platform, gradually reduced from 14 d to 18 d post-TBI. A repeated measures ANOVA showed escape latency was improved in the miR-144 antagomir group and impaired in the miR-144 agomir group as compared to the TBI group at 14 d to 18 d post-trauma (Figure [4A](#F4){ref-type="fig"}). The object of the probe trial was to assess retrograde reference memory. Compared with the TBI group, the miR-144 antagomir group displayed an increase in the average percentage of time spent in the target quadrant, whereas a decrease in the miR-144 agomir group (Figure [4B](#F4){ref-type="fig"}). No significant difference was revealed in average swim speed among the groups (Figure [4C](#F4){ref-type="fig"}), which revealed that the different performance was not due to motor impairments. To further examine the role of miR-144 on non-spatial hippocampus-mediated memory, novel object recognition (NOR) test was carried out at 18 d post-injury. We found the rats in the sham group spent more time than chance (10 s) with the novel object 1 day after training (choice phase), indicating intact memory. Notably, TBI rats transfected with miR-144 antagomir spent significantly more time with the novel object when compared with the TBI group, while miR-144 agomir-treated TBI rats spent less time with the novel object (Figure [4D](#F4){ref-type="fig"} and [4E](#F4){ref-type="fig"}). Collectively, these date demonstrated that higher level of miR-144 post-injury could promote TBI-induced cognitive deficits, and Inhibition of miR-144 protected TBI rats against cognitive and momery disorders.

![The roles of regulating brain miR-144 in cognitive deficits of TBI rats\
The cognitive function was evaluated by morris water mass (MWM) test including the spatial acquisition trial and the probe trial at 14 -18 d post-TBI, as well as novel object recognition (NOR) test at 18 d post-injury. **(A)** MWM performance as measured by the latency to find the hidden platform in the spatial acquisition trial (n=6). miR-144 antagomir treated group has significantly shorter latencies to reach the goal platform as compared to the TBI group. **(B)** Percentages of time spent in the goal quadrant during the probe trial (n=6). The rats administrated with miR-144 antagomir had significantly better retention of the platform location compared with rats suffered from TBI. **(C)** The overall average swim speed during test duration in different groups (n=6). **(D-E)** Intracerebroventricular injection of miR-144 antagomir improves retention memory using the NOR test at 18 d post-TBI (n=6). Following 24 h after the sample phase, the time spent with the novel object sand familiar objects during the choice phase was recorded. The data are represented as mean ± SD. \**P*\< 0.05, ^\*^*P*\< 0.01 versus the sham group, ^\#^*P*\< 0.05, ^\#\#^*P*\< 0.01 versus the TBI group.](oncotarget-08-59181-g004){#F4}

Inhibition of miR-144 prevented TBI-induced LTP impairment {#s2_5}
----------------------------------------------------------

After stabilizing the baseline fEPSP recording at layer 2/3, TBS was applied to layer 4 to induce long-term potentiation (LTP) in the CA1 region of the hippocampus. The extent of LTP, calculated by averaging the slope values of fEPSPs recorded at 60 min after TBS. The results suggested that there was a significant increase in the degree of LTP in rats subjected to miR-144 antagomir and a decrease in rats treated with miR-144 agomir compared with TBI rats (Figure [5A](#F5){ref-type="fig"}). Meanwhile, we calculated the initial and final the slope values of field potentials at 30 min and 60 min after LTP inducted by TBS. miR-144 agomir treatment suppressed LTP, but miR-144 antagomir injection reinstated LTP post-TBI at 30 min and 60 min after LTP inducted by TBS (Figure [5B](#F5){ref-type="fig"}). Additionally, we generated input-output (I-O) curves by the stimulation current intensity adjusted from 0 to 1 mA. The data showed that miR-144 agomir significantly reduced fEPSP amplitude, whereas miR-144 antagomir notably up-regulated fEPSP amplitude (Figure [5C](#F5){ref-type="fig"}). This burst-dependent plasticity depended on postsynaptic N-methyl-D-aspartate receptor (NMDAR), and NMDAR is critically involved in hippocampus-dependent learning, hippocampal synaptic plasticity and memory encoding \[[@R32]\]. NMDAR typically comprise two subunits both GluN1 and GluN2 (including NR2A and NR2B). The hippocampal neurons expressed amounts of NR2A and NR2B subunits that was strongly related to learning and momery. Western blot analysis suggested that the levels of NR2A and NR2B were dramatically reduced in the hippocampus CA1 region of TBI rats transfected with miR-144 agomir and significantly up-regulated in TBI rats injected with miR-144 antagomir compared with the TBI group (Figure [5D](#F5){ref-type="fig"}). Taken together, these findings indicated that repression of miR-144 could control the maintenance of hippocampus LTP in an NMDAR-dependent manner and long-term memories over time.

![Effects of regulating brain miR-144 on LTP in NMDAR-dependent in rat hippocampal slices following TBI\
**(A)** The slope values of fEPSPs were analyzed for quantization of the responses. After 30 min of baseline recording of fEPSPs, TBS was applied and then the responses were measured for 60 min after TBS. **(B)** Histograme representing the average percentage LTP calculated using slopes of evoked responses at 30 min and 60 min after LTP induction. **(C)** The input-output (I-O) curves by the stimulation current intensity adjusted from 0 to 1 mA. **(D)**. Representative bands and quantitative analysis of NMDAR subunits in the hippocampal CA1 region of TBI rats in each group. The data are expressed as mean ± SD. \**P*\< 0.05, ^\*^*P*\< 0.01 versus the sham group, ^\#^*P*\< 0.05, ^\#\#^*P*\< 0.01 versus the TBI group.](oncotarget-08-59181-g005){#F5}

Expression of miR-144 was increased in Glu-induced neuron injury *in vitro* {#s2_6}
---------------------------------------------------------------------------

Glutamate plays important roles as the predominant excitatory neurotransmitter in the mammalian brain. However, excessive release of glutamate results in excitotoxicity and is a major factor in neuronal injury associated with many acute and chronic brain disorders. Glutamate and glutamate transporter-1(GLT-1) play a crucial role in cognitive impairment caused by brain injury \[[@R33], [@R34]\]. As was indicated in Table [1](#T1){ref-type="table"}, the level of glutamate were significantly increased in the damaged brain injury after TBI from 6 h to14 d. To explore the putative molecular mechanisms of miRNA-144-induced cognitive deficits, we employed an *in vitro* model of Glu-induced neuron injury, including primary hippocampal neurons, HT22 and N2A cells. Levels of miR-144 were analyzed by real-time PCR at various times after glutamate treatment. The results revealed that miR-144 expression significantly up-regulated in primary hippocampal neurons challenged to glutamate, peaked at 12 h post-injury (Figure [6A](#F6){ref-type="fig"}). Moreover, in the HT22 cells, we found miR-144 levels was not changed 3 h and 6 h post-injury, and then significantly increased, up to maximum at 24 h post-injury (Figure [6B](#F6){ref-type="fig"}). In addition, we observed similar patterns of miR-144 expression in the N2A cells challenged to glutamate (Figure [6C](#F6){ref-type="fig"}). Furthermore, miR-144 level in the N2A cells was higher than that in the HT22 cells.

###### The level of glutamate in the hippocampus and cortex post-TBI (mean±SD, μmol/L)

  Group      n   Hippocampus     Cortex
  ---------- --- --------------- ---------------
  Sham       6   68.62±5.45      76.23±6.01
  TBI 6 h    6   88.41±6.37\*    82.91±7.22\*
  TBI 12 h   6   111.63±6.72\*   102.56±5.78\*
  TBI 24 h   6   135.91±8.24\*   120.36±7.16\*
  TBI 3 d    6   151.26±7.73\*   142.97±6.85\*
  TBI 7 d    6   125.83±8.35\*   118.34±7.41\*
  TBI 14 d   6   103.44±7.26\*   98.53±6.74\*

Note: \**P*\< 0.05 versus the sham group.

![Effects of miR-144 on glutamate-induced neuron injury *in vitro*\
**(A-C)** Ectopic expression of miR-144 in primary hippocampal neuron, HT22 and N2A cells exposed to glutamate detected by real-time PCR and normalized to the expression of U6. **(D, H)** The infection efficiency of hippocampal neuron and N2A cells was determined by real-time PCR. **(E-G)** Effects of regulating cell miR-144 on cell viability **(E)**, LDH release in the culture supernatant **(F)** and cell apoptosis **(G)** in primary hippocampal neuron. Cell viability, LDH release and cell apoptosis were evaluated by MTT assay, LDH Kit and caspase-3 activity respectively. **(I-K)** Effects of regulating cell miR-144 on cell viability **(I)**, LDH release **(J)** and cell apoptosis **(K)** in the N2A cells. The data are represented as mean ± SD from three independent experiments. \**P*\< 0.05, ^\*^*P*\< 0.01 versus the control group, ^\#^*P*\< 0.05, ^\#\#^*P*\< 0.01 versus the glutamate group.](oncotarget-08-59181-g006){#F6}

Inhibition of miR-144 attenuated Glu-induced neuron injury *in vitro* {#s2_7}
---------------------------------------------------------------------

To further confirm the functional significance of miR-144 in Glu-induced neuron injury *in vitro*. The primary hippocampal neurons and the N2A cells pretreatmented with lenti-miR-144, lenti-anti-miR-144 and their corresponding negative control respectively, were subjected to cell injury induced by glutamate. Forty-eight hours after transfection, real-time PCR analysis revealed that the levels of miR-144 notably increased in neurons transfected with lenti-miR-144, reversely, significantly decreased in neurons transfected with lenti-anti-miR-144 compared with untransfected ones (Figure [6D](#F6){ref-type="fig"} and [6E](#F6){ref-type="fig"}). Additionally, The cell viability (Figure [6F](#F6){ref-type="fig"} and [6I](#F6){ref-type="fig"}), LDH release (Figure [6G](#F6){ref-type="fig"} and [6J](#F6){ref-type="fig"}) and cell apoptosis (Figure [6H](#F6){ref-type="fig"} and [6K](#F6){ref-type="fig"}) were detected to evaluate the degree of cells damage. The results showed inhibition of miR-144 increased cell viability, suppressed LDH release and caspase-3 activity in the primary hippocampal neurons and the N2A cells. On the other hand, overexpression of miR-144 reduced cell viability, increased LDH release and caspase-3 activity. These results demonstrated the effective neuroprotective effects of miR-144 knockdown against Glu-induced neuron injury.

Inhibition of miR-144 reduced cognitive-related proteins expression in neurons exposed to glutamate *in vitro* {#s2_8}
--------------------------------------------------------------------------------------------------------------

The accumulation of β-amyloid (Aβ) in the brain induced synaptic damage, which is believed to be the essential cause of cognitive impairment \[[@R35], [@R36]\]. Moreover, NMDAR, synaptic plasticity-related molecule, is associated long-term memory and cognitive function \[[@R37]\]. Specially, β-amyloid peptides was reported may be modulate NMDAR expression \[[@R38]\]. Here, we investigated the levels Aβ~42~ and NMDAR in the N2A cells challenged to glutamate, and found that Aβ~42~ levels in the culture supernatant (Figure [7A](#F7){ref-type="fig"}) and the protein expression of Aβ~42~ (Figure [7B](#F7){ref-type="fig"}) in the N2A cells were up-regulated when miR-144 was overexpressed, but down-regulated when miR-144 was inhibited. In addition, the protein expression of NR2A and NR2B were significantly decreased in the N2A cells infected with lenti-miR-144, reversely, increased in the N2A cells treated with lenti-anti-miR-144 (Figure [7C](#F7){ref-type="fig"}).

![The impacts of regulating cell miR-144 on cognitive-related proteins in the N2A cells\
**(A)** The levels of Aβ~42~ in the culture measured using ELISA in N2A cells transfected with LV-miR-144 and LV-anti-miR-144. **(B)** The Western blots analysis of Aβ~42~ protein levels in N2A cells. β-actin served as an internal control. **(C)** Representive bands and quantitative analysis of NMDAR subunits in the N2A cells. The data are represented as mean ± SD. \**P*\< 0.05, ^\*^*P*\< 0.01 versus the control group, ^\#^*P*\< 0.05, ^\#\#^*P*\< 0.01 versus the glutamate group.](oncotarget-08-59181-g007){#F7}

ADAM10 is direct target of miR-144 {#s2_9}
----------------------------------

To elucidate the molecular mechanisms underlying the functions of miR-144 in TBI, we employed TargetScan, miRanda, PicTar, and [microRNA.org](http://microRNA.org) to identify candidate targets for miR-144 in genes involved in cognitive function. The gene for ADAM10, predicted by databases, was further studied as a potential target. First, immunostaining demonstrated that ADAM10 mainly located and expressed in hippocampal neuron (Figure [8A](#F8){ref-type="fig"}). Next, we analyzed ADAM10 protein and mRNA expression *in vitro* and *in vivo* studies. The data suggested that ADAM10 mRNA level was notably up-regulated in the hippocampus of TBI rats (Figure [8B](#F8){ref-type="fig"}) and the N2A cells exposed to glutamate (Figure [8C](#F8){ref-type="fig"}). However, the protein expression of ADAM10 was significantly decreased in rats hippocampal tissue post-TBI (Figure [8D](#F8){ref-type="fig"}) and the N2A cells post-injury (Figure [8E](#F8){ref-type="fig"}), and inversely correlated with endogenous levels of miR-144. This expression pattern of ADAM10 indicated miR-144 might inhibit ADAM10 expression by translational suppression. Furthermore, we found that miR-144 had conserved putative binding sites for ADAM10 mRNA on 3'-UTR (Figure [8A](#F8){ref-type="fig"}). To validate whether miR-144 directly binds to the 3'-UTR of ADAM10 mRNA and causes translational inhibition, using the dual luciferase gene reporter assay. The wild type (WT) 3'-UTR or the mutant (mut) 3'-UTR target sequences (Figure [9A](#F9){ref-type="fig"}) were cloned to luciferase reporter vector pGL3, and co-transfected with lenti-miR-144 or its negative control into the N2A cells or the HEK293 cells. The transfection of the WT pGL3- ADAM10-3′-UTR in combination with LV-miR-144 dramatically reduced the luciferase activity, and there was little activity when LV-miR-144 only was present. Moreover, mutation of the putative miR-144 binding sites clearly abrogated the suppression of luciferase activity caused by miR-144 overexpression in the N2A cells (Figure [9B](#F9){ref-type="fig"}) or the HEK293 cells (Figure [9C](#F9){ref-type="fig"}). Thus, these results indicated miR-144 directly bound to ADAM10 3'-UTR to inhibit ADAM10 expression at the post-transcriptional level.

![The protein level of ADAM10 was inversely correlated with miR-144 level\
**(A)** The localization and expression ADAM10 protein in the neuron of the rat hippocampal CA1 region. These were measured by immunofluorescence staining and observed under the confocal laser scanning microscope. **(B-C)** The mRNA level of ADAM10 in the hippocampal CA1 region of rats **(B)** and the N2A cells **(C)** measured by real-time PCR analysis. **(D-E)** The protein expression ADAM10 in the hippocampal CA1 region of rats **(D)** and the N2A cells **(E)** measured by Western blot. The data are showed as mean ± SD from three independent experiments. \**P*\< 0.05, ^\*^*P*\< 0.01 versus the control group, ^\#^*P*\< 0.05, ^\#\#^*P*\< 0.01 versus the glutamate group.](oncotarget-08-59181-g008){#F8}

![ADAM10 was direct downstream target for miR-144\
**(A)** Schematic diagram of the miR-144 putative binding sites and corresponding mutant sites of the ADAM10 mRNA 3'-UTR. **(B-C)** The interaction between miR-144 and 3'-UTR of ADAM10 mRNA was detected relative luciferase activity assay in the N2A cells **(B)** and the HEK293 cells **(C)**. The WT or mut ADAM10 3'-UTR was co-transfected with LV-miR-144 and negative control. The luciferase activity was significantly decreased in cells co-transfected with WT ADAM10 3'-UTR and LV-miR-144, but not in cells co-transfected with mut ADAM10 3'-UTR and LV-miR-144. **(D-F)** Real-time PCR and Western blot analysis to quantify the mRNA and protein levels of ADAM10 in the N2A cells. Each experiment was performed at least three times, and each sample was analyzed in triplicate. The data presented mean ± SD.\**P*\< 0.05, ^\*^*P*\< 0.01 versus the control group, ^\#^*P*\< 0.05, ^\#\#^*P*\< 0.01 versus the glutamate group.](oncotarget-08-59181-g009){#F9}

To further verify the biological roles of miR-144 in regulating ADAM10 expression, the mRNA and protein levels of ADAM10 were quantified in gain and loss-function model of miR-144 *in vitro*. As expected, the results revealed that the protein level of ADAM10 was markedly decreased by miR-144 overexpression, in contrast, significantly increased by miR-144 inhibition in the N2A cells (Figure [9E](#F9){ref-type="fig"} and [9F](#F9){ref-type="fig"}). Whereas no significant change was observed in the mRNA levels of ADAM10 (Figure [9D](#F9){ref-type="fig"}). Suggesting that miR-144 negatively regulated ADAM10 expression by translational repressing rather than mRNA degradation. Thus, these results indicated that miR-144 could directly binding to ADAM10 3'-UTR to negatively regulate ADAM10 protein expression through promoting degradation of ADAM10 mRNA.

ADAM10 is involved in cognitive deficits by modulating Aβ deposition {#s2_10}
--------------------------------------------------------------------

To identify the underlying mechanisms of ADAM10 for cognitive deficits in the present study, we induced and silenced ADAM10 expression *in vitro* and *in vivo*. Overexpression and knockdown efficiency was examined by real-time PCR in the hippocampus post-TBI (Figure [10A](#F10){ref-type="fig"}) and the N2A cells post-injury (Figure [10B](#F10){ref-type="fig"}). MWM test demonstrated that overexpression of ADAM10 markedly improved cognitive dysfunction, whereas silencing of ADAM10 significantly aggravated cognitive deficits after TBI (Figure [10C](#F10){ref-type="fig"}). Similarly, LTP induced by TBS was inhibited by ADAM10 knockdown but facilitated by ADAM10 overexpression following TBI (Figure [10D](#F10){ref-type="fig"}). These results showed that the decrease in ADAM10 induced by elevated miR-144 post-TBI, played a key role in cognitive deficits. Also, we detected some cognitive-related proteins levels *in vitro* and *in vivo*. The accumulation of Aβ~42~ peptide in the hippocampus CA1 of rats was showed in the immunohistochemical staining analysis. The result revealed that Aβ~42~ mainly deposited in the neurons of the hippocampus CA1 region. Moreover, Aβ~42~ deposition in the hippocampus CA1 was reduced in the LV-ADAM10 group, whereas aggravated in the LV-siADAM10 group (Figure [10E](#F10){ref-type="fig"}). Meanwhile, to address the potential of rats to produce Aβ peptide, we assayed α-secretase and β-secretase activity. Remarkably, TBI rats administrated with LV-ADAM10 showed an increase in α-secretase activity compared to the TBI group. Conversely, there was significant reduction in TBI rats treated with LV-siADAM10 (Figure [10F](#F10){ref-type="fig"}). Moreover, β-secretase activity was not affected when ADAM10 up-/down-regulation (Figure [10G](#F10){ref-type="fig"}). Additionally, we analyzed the protein expression levels of APP, Aβ~42~, αAPP (the product of a-secretase cleavage) and βAPP (the product of β-secretase cleavage) in the N2A cells by Western blot (Figure [10H](#F10){ref-type="fig"}). The results suggested that Aβ~42~ and βAPP protein levels were clearly increased in ADAM10 loss-of-function models and decreased in ADAM10 gain-of-function models (Figure [10I](#F10){ref-type="fig"} and [1](#F1){ref-type="fig"}0J). Conversely, αAPP expression was enhanced by ADAM10 overexpression but ameliorated by ADAM10 knockdown in N2A cells exposed to glutamate (Figure [10K](#F10){ref-type="fig"}). However, there was no significant difference in APP levels. Together, the above findings indicated that the reduction in ADAM10 expression induced by a higher miR-144 levels post-injury is involved in cognitive dysfunction by directing APP processing toward the β-secretase to increase Aβ production.

![ADAM10 modulated the production of the Aβ peptides involved in cognitive impairments\
**(A-B)** Real-time RCR analysis was performed to assess the overexpresion or knockdown efficiency in the hippocampal CA1 region of rats **(A)** and the N2A cells **(B)**. **(C-D)** Effects of gain and loss of ADAM10 on TBI-induced cognitive dysfunction, including the hippocampus-dependent spatial learning and memory measured by MWM **(C)** and LTP recorded by electrophysiology **(D)**. **(E)** Representive images of Aβ~42~ deposition in the rat hippocampal CA1 region by immunohistochemical staining at 24 h post-injury. Bar, 20μm. **(F-G)** The α-secretase and β-secretase activity in the culture medium of the N2A cells using an activity assay at 12 h post-injury. **(H)** Western blot analysis of APP, Aβ~42~, αAPP, and βAPP protein expression levels in the N2A cells. **(I-K)** Densitometric analysis of Aβ42 **(I)**, αAPP **(J)**, and βAPP **(K)** protein with bands corresponding to β-actin. a: sham, b: TBI, c: LV-ADAM10, d: LV-NC, e: LV-siADAM10; f: LV-si NC. Data are expressed as mean ± SD. \**P*\< 0.05, ^\*^*P*\< 0.01 versus the sham or control group, ^\#^*P*\< 0.05, ^\#\#^*P*\< 0.01 versus the TBI or glutamate group.](oncotarget-08-59181-g010){#F10}

Elevated miR-144 promoted Aβ deposition-induced cognitive deficits by suppressing ADAM10 expression {#s2_11}
---------------------------------------------------------------------------------------------------

The above findings prompted us to examine whether miR-144 induced cognitive impairments through suppression of ADAM10 signaling. For this purpose, we investigated the contribution of ADAM10 to the biological effects of miR-144 in Glu-induced neuron injury. ADAM10 siRNA and LV-anti-miR-144 (or LV-ADAM10 and LV-miR-144) were co-transfected into the N2A cells followed by treatmented with glutamate respectively. Interestingly, Cell viability (Figure [11A](#F11){ref-type="fig"}), LDH release (Figure [11B](#F11){ref-type="fig"}) and cell apoptosis (Figure [11C](#F11){ref-type="fig"}) assays showed that overexpression of ADAM10 blocked elevated miR-144-mediated cell injury. Conversely, silencing of ADAM10 mimicked the effects of miR-144. Silencing of ADAM10 by siRNA abrogated anti-miR-144 induced neuroprotective effects of miR-144 inhibitor in Glu-treated neurons. Furthermore, the ADAM10 with 3'UTR that contain the wild type (WT) potential binding site or that of mutant co-transfected with miR-144. I found that co-transfection ADAM10 3'UTR WT and miR-144 could reverse the effect of ADAM10 on cell injury, whereas, co-transfection ADAM10 3'UTR mut and miR-144 have no effects (Figure [11D](#F11){ref-type="fig"}). In addition, we also examined the protein levels of ADAM10, APP, Aβ~42~, αAPP, and βAPP. The results suggested that the effects of miR-144 on cognitive-related protein expression were antagonized and mimicked by overexpression and silencing of ADAM10, respectively. Meanwhile, the downregulation of Aβ~42~ and βAPP, as well as the upregulation of αAPP caused by miR-144 inhibition were effectively reversed by ADAM10 silencing (Figure [12](#F12){ref-type="fig"}). These results indicated that miR-144 promoted Aβ deposition involved in cognitive deficits by suppressing ADAM10 expression after TBI.

![miR-144 involved in the regulation of TBI-induced brain injury by suppressing ADAM10 expression\
**(A-C)** Overexpression of ADAM10 blocked miR-144-induced neuron injury including cell viability **(A)**, LDH release **(B)** and caspase-3 activity **(C)** in the N2A cells, and the silencing of ADAM10 by siRNA mimicked the effects of miR-144. **(D)** miR-144 promoted TBI-induced brain injury though suppressing of ADAM10 expression. The data are showed as mean ± SD from three independent experiments.](oncotarget-08-59181-g011){#F11}

![miR-144 involved in the regulation of TBI-induced cognitive impairments by suppressing ADAM10 expression\
**(A)** Representive bands from three independent Western blot analyses of ADAM10, APP, Aβ~42~, αAPP, and βAPP proteins in the N2A cells. **(B-E)** Quantitative date of these protein was assayed by densitometry. The data are showed as mean ± SD from three independent experiments. \**P*\< 0.05, ^\*^*P* \< 0.01 versus the control group, ^\#^*P*\< 0.05, ^\#\#^*P*\< 0.01 versus the glutamate group.](oncotarget-08-59181-g012){#F12}

DISCUSSION {#s3}
==========

TBI is a common cause for cognitive and communication problems, but little can be done to reverse TBI-induced cognitive dysfunction. For develop effective therapeutic strategies, more studies need to done to define the biological mechanisms underlying cognitive impairments. Previous evidences have demonstrated that TBI induced extensive molecular and biological alterations, including protein, mRNA and miRNA expression \[[@R39]--[@R41]\], which greatly affected pathophysiology and functional outcome after TBI. Especially, aberrant expressions of numerous miRNAs have been well identified in rats in response to TBI by miRNA microarray analysis and qRT-PCR, and considered as the key molecular targets for TBI treatment \[[@R9], [@R42], [@R43]\]. In addition, The number and expression of aberrant miRNAs at different time points varied greatly from 1 h to 7 d post-TBI, indicating that they may be used as molecular markers for evaluation of TBI progress \[[@R12]\]. Moreover, bioinformatics and gene ontology analyses revealed that some target genes of dysregulated miRNAs involved in TBI were associated with neuronal development, axonal regeneration, synaptic plasticity and cognitive function \[[@R44]\]. Therefore, the involvement of altered miRNAs in the pathological mechanism of TBI is highly complex and requires further study. Identification of key abnormally expressed miRNA after TBI will be helpful to further understand the potential mechanism, and regulation of its expression may be of therapeutic benefit.

miR-144, originally identified as an anti-oncogene and located in chromosome 10, played a crucial role in tumor cell proliferation, apoptosis, invasion, and metastasis \[[@R45]\]. Genome-wide analysis of miRNA expression has revealed that the sole miR-144 was consistently up-regulated in the aging brain, which is usually accompanied by a continuous cognitive decline \[[@R26]\]. The elevated expression of miR-144 increase the susceptibility to environmental stress and is considered a major risk factor for development of AD and other prevalent neurodegenerative diseases \[[@R28]\]. These evidences demonstrated that ectopic expression of miR-144 was strongly associated with cognitive disorder. However, whether miR-144 is involved in TBI-induced cognitive dysfunction remains unclear. In this study, we focused on investigating the potential functions and mechanisms for miR-144 in hippocampal alterations and cognitive impairments after TBI. We first found a significant increase in miR-144 expression in the plasma of patients subjected to TBI and a significant correlation was observed between miR-144 and GCS scores. As expected, down-regulation of miR-144 expression was also verified in a rat model of TBI *in vivo* and Glu-induced neuron injury model *in vitro*, consistent with previous reported \[[@R10]\]. Furthermore, the current study suggested consistent up-regulation of miR-144 in the hippocampal CA1 region at various time points up to 14 days post-TBI. Based on these finding, we hypothesized that miR-144 could play a critical role in the pathophysiological process of TBI, especially the development of TBI-induced cognitive dysfunction.

In order to evaluate the functional significance of miR-144 in TBI *in vivo*, miR-144 agomir or antagomir were administered via intracerebroventricular injection to rats suffered from TBI. We found that overexpression of miR-144 aggravated the prognosis of TBI, whereas inhibition of miR-144 provided neuroprotective effects against TBI, as demonstrated by a decrease in lesion volume, alleviation of brain edema, and an improvement in neurological function. More importantly, TBI-induced cognitive deficits were significantly ameliorated by miR-144 knockdown, as evidenced by improving spatial learning and memory ability, non-spatial hippocampus-mediated memory, and TBI-induced LTP impairment in NMDAR dependent manner. NMDAR is critically involved in hippocampus-dependent learning, hippocampal synaptic plasticity and memory encoding. Among, GluN2A subunit is required for rapidly acquired spatial working memory, and GluN2B is critical for a long-delay working memory task \[[@R46]\]. GluN2 mutants revealed distinct contributions from GluN2A- and GluN2B-containing NMDARs to rapidly and slowly acquired memory performance such as lacking bidirectional synaptic plasticity in the dentate gyrus and perform poorly on spatial pattern separation tasks \[[@R47]\]. Other studies have shown evidence for NMDAR dysfunction following experimental TBI and impaired induction of long-term potentiation up to 15 days post-injury \[[@R48]\]. *In vitro*, Glu-induced neuron injury was performed to mimic TBI-mediated neurons injury in the hippocampus of rats, followed by LV-miR-144/ LV-anti-miR-144 were infected to up-/down-regulate miR-144 expression. The results suggested that miR-144 knockdown could increase cell viability reduced LDH release and cell apoptosis, contributing to neuron injury recovery. Significantly, miR-144 inhibition reversed the increase in Aβ production and the reduction in NMDAR expression induced by glutamate, which closely related to cognitive and momery. In contrast, miR-144 overexpression accelerated Glu-induced neuron injury and cognitive-related proteins disorders. Taken together, these findings indicated that ectopic higher miR-144 levels participated in TBI-induced cognitive impairments, and it could be a potential therapeutic target for interventions.

In the present study, we further explored the molecular mechanisms underlying the neuroprotective effects of miR-144. Recent studies have uncovered that miR-144 plays a central coordinating role by targeting to ataxin 1 (ATXN1) gene in the aging brain at the post-transcriptional manner \[[@R26]\]. Here, biological information analysis showed that ADAM10, a gene encoding the α-secretase, was a putative target gene of miR-144, consistent with previous research \[[@R48]\]. Also, we found miR-144 expression was inversely correlated with ADAM10 protein level *in vivo* and *in vitro*. Importantly, our luciferase reporter assay demonstrated the miR-144 inhibited ADAM10 expression by directly binding to 3'-UTR region of ADAM10 mRNA, indicating that ADAM10 was direct downstream target gene of miR-144. Nevertheless, miR-144 dramatically decrease the protein expression of ADAM10, whereas have no effect on ADAM10 mRNA level, suggesting that the negative regulation of ADAM10 by miR-144 is mainly achieved at the translational level. Moreover, it was first observed that ADAM10 protein expression are down-regulated but ADAM10 mRNA level are up-regulated in the hippocampus and the N2A cells post-injury. These two seemingly incompatible results also indicated that translational regulation of ADAM10 by miR-144 existed in the pathogenesis of TBI. Additionally immunostaining and Western blot results further demonstrated overexpression of miR-144 remarkably suppressed protein expression of ADAM10, but didn\'t affect ADAM10 mRNA level. However, whether the neuroprotective effects of miR-144 was related to its negative regulation of ADAM10 protein remains unknown.

Increasing evidences supported that ADAM10 could prevent Aβ formation and hippocampal behavioral defects in AD mice \[[@R49]\]. Moreover, TBI, a major risk factor for Alzheimer-like dementia, could lead to Aβ peptides accumulating in the brain tissues, which was believed to be the main pathophysiological cause of TBI-induced cognitive decline and long-term neurodegeneration \[[@R50], [@R51]\]. It was reported that Aβ accumulation occurred with high frequency after TBI, particularly in injured axons of in the hippocampal neurons \[[@R52]\]. The production of Aβ peptides depended on cleavage pathway of the amyloid precursor protein (APP) encoding the neuronal membrane protein by the β-secretase and γ-secretase \[[@R53]\]. Interestingly, the Aβ peptides formation was avoided by an alternate APP cleavage pathway mediated by the α-secretase and γ-secretase \[[@R54]\]. Indeed, ADAM10, as a gene encoding α-secretase, suppressed Aβ production by directing APP processing toward the a-secretase \[[@R55]\]. Remarkably, ADAM10 is also known to induces activation of Noth pathway to repair neuronal damage and invoke nuclear gene for neurogenesis \[[@R56]\]. Here, to investigate effects of ADAM10 on Aβ peptides deposition-mediated cognitive deficits, we induced or silenced ADAM10 in TBI rats and N2A cells. The results indicated the induction of Aβ formation and cognitive deficits after TBI was mitigated in rats over-expressing ADAM10, and exacerbated in rats silencing ADAM10. Thus, we conclude that the reduction in ADAM10 by ectopic miR-144 is mechanistically linked to Aβ accumulation-induced cognitive deficits. Overexpression of ADAM10 appears to direct APP processing toward the a-secretase away from the β-secretase, which results in a reduction in Aβ production, further to improve cognitive dysfunction. More importantly, silenceing of ADAM10 by siRNA blocked the improvement of cognitive dysfunction caused by miR-144 inhibition. In contrast, overexpression of ADAM10 reversed cognitive deficits caused by miR-144. In conclusion, the above findings demonstrated that elevated expression of miR-144 contributed to TBI-induced cognitive deficits resulted from Aβ deposition by directly suppressing ADAM10 protein expression and inhibition of miR-144 conferred a better cognitive outcome.

MATERIALS AND METHODS {#s4}
=====================

Blood samples from TBI patients {#s4_1}
-------------------------------

A total of 68 patients diagnosed with TBI according to clinical information and head computed tomography (CT) analysis were recruited in the Department of Neurosurgery, Beijing Tiantan Hospital of Capital Medical University (Beijing, Chnia), from January to December 2014. The inclusion criteria for all subjects included aged 18 to 50 years old, injury occurring within the preceding 24 h. For the GCS score when hospitalized, 21 cases were 13-15 scores, 24 cases were 9-12 scores, and 23 cases were 3-8 scores. The equivalent number of age-matched healthy subjects were gathered as control groups (n=20). Blood was collected from all subjects for assessments.

The study protocols were approved by the Ethics Committee on Human Research of Capital Medical University. All experiments were performed in accordance with the relevant guidelines and regulations, approved by this Committee. The written informed consent was obtained from each participant in the study.

Animal model of TBI {#s4_2}
-------------------

All experimental procedures were carried out in accordance with the guidelines of the Chinese Council on Animal Protection, and approved by the Ethics Committee of Capital Medical University for the use of animals in this study. A total of 360 male Sprague-Dawley (SD) rats (aged 12 weeks and weighing 350--375 g) were purchased from Vital River Laboratory Animal Technology Co. Ltd. (Vital River, Beijing, China). All the animals were housed with a standard of 12 h light/dark cycle and free access to water and food before and after operation. The rat model of TBI was induced by using a modified weight-drop device, as described previously by Marmarou \[[@R57]\]. Briefly, the rats were anesthetized with sodium pentobarbital (Nembutal 60 mg/kg). After a midline incision was made to expose the skull between bregma and lambda suture lines, a steel disc (10 mm in diameter and 3 mm in thickness) was adhered to the skull using dental acrylic. Animals were moved onto a foam mattress underneath a weight-drop device where a weight of 450 g falls freely through a vertical tube from 1.5 m onto the steel disc. Sham-operated animals underwent the same surgical procedure without weight-drop impact. Rats were housed in individual cages after surgery and placed on heat pads (37°C) for 24 h to maintain normal body temperature during the recovery periods.

Experimental groups and intracerebroventricular injection {#s4_3}
---------------------------------------------------------

All rats were randomly divided into six groups: sham group, TBI group, miR-144 agomir (agomir), agomir negative control (agomir NC), miR-144 antagomir (antagomir), and antagomir negative control (antagomir NC). The sequences were as follows: miR-144 agomir: 5′-UACAGUAUAGAUGAUGUACU-3′, agomir negative control: 5′-UUCUCCGAACGUGUCACGUTT-3′, miR-144 antagomir: 5′-AGUACAUCAUCUAUACUGUA-3′, antagomir negative control: 5′-CAGUACUUUUGUGUAGUACAA-3′ (GeneChem, Shanghai, China). miRNA oligomers (5μL) were then combined with lipofectamine-2000 (12.5 μL) (Invitrogen, Carlsbad, CA, USA) in an RNase-free PCR tube and incubated for 30 min at room temperature. At 15 min after TBI, rats received a single intracerebroventricular injection of miR-144 agomir, miR-144 antagomir, or their corresponding negative control as previously reported \[[@R42]\]. In addition, in LV-ADAM10, LV-NC, LV- siADAM10 or LV-siNC group, rats received a single intracerebroventricular injection of lentivirus particles (1.0μL) respectively at three days before TBI induction. The Hamilton brain infusion syringe was stereotaxically injected into the right lateral ventricle (coordinates: 1.5 mm caudal to bregma; 1.1 mm lateral to midline; 4.5 mm deep from the surface of skull) at the rate of 1μL/min.

Modified neurological severity score (mNSS) test {#s4_4}
------------------------------------------------

Posttraumatic neurological impairments were assessed using mNSS test at 1 d, 3 d, 7 d and 14 days post-TBI, Assessments in the neuroscore include motor, sensory, reflex, and balance tests, as described previously \[[@R58]\]. The test was performed by the same observer who was blinded to the experimental conditions and treatments. Neurological function was graded on a scale of 0--18, where a total score of 18 points indicates severe neurological deficit and a score of 0 indicates normal performance. 13--18 indicates severe injury, 7--12 indicates mean-moderate injury, and 1--6 indicates mild injury.

Evaluation of brain water content {#s4_5}
---------------------------------

The brain water content (BWC) was measured using the wet-dry weight method as our previously described \[[@R59]\]. Briefly, rats were anesthetized with chloral hydrate (30 ml/kg, i.p.) and sacrificed to remove the brain at 3 d post-injury. The brain tissues were weighed immediately to obtain the wet weight (ww) and then dried in an electric oven at 100°C for 24 h to determine the dry weight (dw). The BWC was calculated as follows: (ww - dw) / ww × 100%.

Morris water maze test {#s4_6}
----------------------

The hippocampus-dependent spatial learning and memory was assessed using the morris water maze (MWM) task from 14 d to 18 d following TBI as described previously \[[@R60]\]. Rats were trained to find the platform before operation. For each trial, the rats were randomly placed into a quadrant start points (N, S, E or W) facing the wall of the pool and allowed a maximum of 60 s to escape to the platform, rats which failed to escape within 90 s were placed on the platform for a maximum of 20 s and returned to the cage for a new trial. In this phase, each animal was tested for three trials per day for six consecutive days. Maze performance was recorded by a video camera suspended above the maze and interfaced with a video tracking system (HVS Imaging, Hampton, UK). The average escape latency of a total of six trials, time spent in goal quadrant, and average swim speed was calculated.

Novel object recognition test {#s4_7}
-----------------------------

Novel object recognition (NOR) test was used to evaluate non-spatial hippocampus-mediated memory as previously described \[[@R61]\]. The NOR tests were carried out on a day before injury and 18 d post-trauma. This task was performed six times to evaluate functional changes in cognition over time, based on the innate tendency to explore new objects within their environment. The time the animals spent on exploring the familiar and novel objects was recorded in this test.

Electrophysiological recordings {#s4_8}
-------------------------------

Tungsten stimulating electrodes were placed on the Schaffer collaterals in the CA3 subregion of hippocampal slices. Input--output curves were generated at the beginning of each experiment to determine maximal and half-maximal responses and voltage settings (maximum response was also determined at the end of the experiment). The voltage was then set to evoke an EPSP response that was approximately half-maximal in amplitude. To evoke orthodromic field excitatory postsynaptic potentials (fEPSPs or EPSPs), monophasic test pulses were delivered to the slice every 60 seconds (Grass S48 stimulator, War-wick, RI) with a stimulus duration of 0.1 ms. Recording was accomplished with an AxoClamp 2B amplifier (Axon Instr., Foster City, CA) in continuous current clamp bridge mode. EPSPs were obtained using glass microelectrodes (2.3 Mohms) filled with recording buffer, which were generated in a standard recording chamber - submerged configuration (RC-27L, Warner Inst., Hamden, CT) at 31-32°C. EPSP responses were recorded from the CA1 dendriticarbor. EPSP slope values were calculated by measuring the rise/run (i.e., 10-90% of trace). Responses were amplified (gain 50x) low-pass filtered at 6 kHz and digitized (20 kHz) (DIGIDATA 1322A, Axon Instr., Foster City, CA). For elicitation of LTP, after 30 min of stable baseline recording of fEPSPs evoked at the current intensity that triggered 50% of the maximal fEPSP response, theta burst stimulation (TBS, 4 pulses at 100 Hz) was applied at 200ms intervals to elicite LTP, then continued for 60 min with stimulation of fEPSPs every 1min. Data were acquired with Clampex 9.2(Axon Instr., Foster City, CA), analyzed initially with Clampfit 10.0 (Axon Instr., Foster City, CA).

Primary hippocampal neuron, HT22 and N2A cells culture {#s4_9}
------------------------------------------------------

Primary cultures of hippocampal neurons were prepared and maintained as previously described \[[@R62]\]. Briefly, the hippocampus were obtained from SD rats at 18 days of gestation (E18), and treated with papain (100 mg/ml, Worthington, Lakewood, NJ, USA) for 10 min at 37 °C. Cell suspension was then centrifuged at 1000 rpm for 5 min, Dissociated neurons were plated at a density of 20,000--30,000 cells/cm^2^in clear-bottom, black-walled 96-well amine plates (BD Biosciences, Auckland, New Zealand), and maintained in a humidified atmosphere of 5 % CO~2~ at 37 °C, with Neurobasal medium (Gibco, NY, USA)) supplemented with 2% B27 (Gibco, NY, USA), 200 mM GlutaMax (Invitrogen, Carlsbad, CA, USA), and 1% penicillin/streptomycin (Gibco, NY, USA). After 24 h, one-half of the medium was replaced with fresh culture medium added cytosine-β-D-arabinofuranoside (Ara-C, Sigma, St. Louis, MO, USA) at a final concentration of 5μmol/L for 48 h, so as to inhibit glial cell proliferation. The HT22 cells, a murine hippocampal cell line, and N2A cells, a mouse neuroblastoma N2a cells, were purchased from the Shanghai Baili Biology Company (Shanghai, China). Both HT22 and N2A cells were cultured in DMEM (Gibco, NY, USA) supplemented with 10 % FBS (Gibco, NY, USA) and 1 % penicillin/streptomycin. The cells were incubated for 24 h prior to experimental treatments.

Lentiviral vector construction and infection {#s4_10}
--------------------------------------------

The full length miR-144, miR-144-specific inhibitor or their corresponding negative control oligonucleotide were cloned into the GV280 Lentiviral vector (Genechem, Shanghai, China) containing a CMV-driven enhanced green fluorescent protein (EGFP) reporter, to construct lentivirus encoding miR-144 (LV-miR-144), lentivirus inhibiting miR-144 (LV-anti-miR-144), LV-NC and LV-anti-NC. Cells under good culture conditions from each experimental group were seeded into 6-well plates at a density of 5 × 10^4^ cells/well one day prior to viral infection, and were infected with LV-miR-144, LV-NC, LV-anti-miR-144, LV-anti-NC, respectively. Three days after infection, the expression of EGFP was monitored under a fluorescence microscope (Leica, Solms, Germany) and miR-144 levels were detected by real-time PCR to assess infection efficiency.

Cell viability, LDH release and caspase-3 activity assay {#s4_11}
--------------------------------------------------------

Cell viability was assessed using 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl tetrazolium bromide (MTT) assay. MTT assay was performed at 3 h, 6 h, 12 h, 24 h, and 48 h after infection. Briefly, the cultured cells were seeded in 96-well culture plates at a density of 4×10^3^ cells/well and incubated with 0.5 mg/ml MTT solution (Sigma, St. Louis, MO, USA). Then, the cells were treated with 0.1% DMSO (Sigma, St. Louis, MO, USA) in order to dissolve the formazan crystals. The absorbance was measured at 490 nm using a SpectraMax 190 spectrophotometer (Molecular Devices, Sunnyvale, CA, USA). Neuronal injury was assessed by quantitative measurement of LDH in the culture medium. LDH release was measured through the LDH Kit (Jiancheng Bioengineering Institute, Nanjing, China) and quantitated by measuring the absorbance at 490 nm. The caspase-3 activity was measured using caspase-3 activity assay kit (Beyotime, Shanghai, China). All results were normalized against control group.

Luciferase reporter assays {#s4_12}
--------------------------

Three online prediction programs, TargetScan, miRanda, and PicTar, were used to identify candidate targets for miR-144. The gene for ADAM10, predicted by all three databases and associated with cognitive function, was further studied as a potential target. Sequence of segments with WT or mutant 3'-UTR region of ADAM10 were synthesized and cloned into the pGL3 vector (GeneChem, Shanghai, China). All constructs were verified by sequencing. First, the N2A or HEK293 cells were seeded at 0.5×10^5^ cell per well in 24-well plates 24 h prior to transfection. The following day, the pGL3 vector containing WT 3'-UTR of ADAM10 mRNA or mutant forms was co-transfected with LV-miR-144 into N2A or HEK293 cells. After 48 h, all cells were harvested according to manufacturer\'s protocol (Promega, Madison, WI), and the Firefly and Renilla luciferase activity were determined using dul-luciferase reporter assay system (Promega, Madison, WI) with a Victor X machine (PerkinElmer, Boston, MA). Firefly luciferase activity was normalized to Renilla luciferase activity. Three independent experiments were performed in triplicate.

RNA extraction and real-time PCR assays for miRNA and mRNA {#s4_13}
----------------------------------------------------------

Total RNA was extracted from the plasma, brain tissue or cultured cells with TRIzol Reagent (Invitrogen, Carlsbad, CA, USA). Reverse transcription reactions were performed with the Superscript First Strand cDNA synthesis system (Invitrogen, Carlsbad, CA, USA). According to the manufacturer\'s instructions. Real-time PCR was performed with One Step SYBR® Prime Script TM RT-PCR Kit II (Takara, Japan). PCR was performed using the following primers: miR-144 forward, 5-GGGGGGGGGGGGGTACAGTATAGATGATGTACTAA-3, and U6 forward, 5-GCAAGGATGACACGCAAATTCGT-3. ADAM10 forward, 5-TCGAACCATCACCCTGCAACCT-3 and reverse, 5-GCCCACCAATGAGCCACAATCC-3. GAPDH: forward, 5'-CAAAGTTGTCATGGATGACC-3', reverse, 5'-CCATGGAGAAGGCTGGGG-3'. The U6 and GAPDH served as an internal control for miRNA and mRNAs assays. The cycle threshold (Ct value) was acquired using the Opticon Monitor Analysis Software (MJ Research, St. Bruno, Quebec, Canada). The data were analyzed using 2^-ΔΔCt^ method and the values were presented by relative quantity.

Combined miRNA ISH and IF staining {#s4_14}
----------------------------------

The biomarkers of neurons (NeuN) and astrocytes (GFAP) were respectively counterstained with miR-144 using the miRNA ISH kit (Boster, Wuhan, China). the paraffin sections were dewaxed, rehydrated and retrieved, and then underwent pretreatment with standard saline citrate (SSC) for 25 min. Pre-hybridization was performed with pre-hybridized solution for 2 h at 40°C. Next, The sections were incubated with locked nucleic acid-modified miR-144 probe. Thereafter, sections were blocked using 3% BSA for 30 min at 37°C and incubated overnight at 4°C with the primary antibody of the above mentioned biomarkers. They were then incubated with a mixed solution of the secondary antibody and biotinylated anti-digoxin antibody for 1 h at 37°C, The nuclei were counterstained with DAPI.

ELISA analysis {#s4_15}
--------------

The concentration of Aβ~42~ in the cultural supernatant of N2A cells was detected Enzyme-Linked ImmunoSorbent Assay (ELISA) analyses (R&D Systems, Minneapolis, Minnesota, USA) according to the manufacturer\'s instructions. The absorbance was read at 490 nm on an ELISA plate scanner (Molecular Devices, Sunnyvale, CA, USA). All experiments are performed at least in triplicate samples and results are presented as the mean value.

Immunohistochemistry staining {#s4_16}
-----------------------------

After the experimental protocol, rats were anesthetized and sacrificed and the brain tissues were removed for immunohistochemistry staining. The immunohistochemistry analysis performed in accordance with the instructions of SABC immunohistochemistry kit (Beyotime, Shanghai, China). The sections were incubated in 5%BSA solution for 20 min, followed by the microwave antigen retrieval and inactivation with 3%H~2~O~2~ procedures. Subsequently, sections were incubated overnight at 4°C with rabbit anti-Aβ~42~ or rabbit anti-caspase 3 polyclonal antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and then with horseradish peroxidase-conjugated anti-rabbit IgG for 60 min. Diaminobenzidine (Beyotime, Shanghai, China) was used to reveal the immunohistochemical reaction.

Immunofluorescence staining {#s4_17}
---------------------------

The frozen sections were treated with 0.4 % Triton-100 for 20 min, and blocked in normal donkey serum for 1 h. For double labeling, sections were incubated with a mixture of rabbit anti-ADAM10 polyclonal antibody (diluted 1:50) and mouse anti-NeuN (Millipore, CA, USA, diluted 1:50) overnight at 4°C. The next day, the sections were incubated with a mixture of fluorescein-conjugated anti-rabbit IgG and anti-mouse IgG (Santa Cruz Biotechnology, Santa Cruz, CA, USA, diluted 1:1,000) for 2 h at 37°C in the dark. The nuclei were counterstained with DAPI. Photographs were taken in a laser scanning confocal microscope (OLYMPUS FV1000).

Western blot analysis {#s4_18}
---------------------

Hippocampal tissues and cultured cells were homogenized on ice in ice-cold lysis buffer containing 137 mM NaCl, 20 mM Tris-HCl (pH 8.0), 10% glycerol, 1% NP-40, 10 mg/mL aprotinin, 1 mM PMSF, 1 mg/ mL leupeptin, and 0.5 mM sodium vanadate, and processed for western blot as previously described \[[@R63]\]. The protein concentration was determined by the BCA reagent (Solarbio, Beijing, China) method. Samples (20μg of protein) were subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Separated proteins on the gel were transferred onto PVDF membranes (Roche Diagnostics, Mannheim, Germany). Blots were blocked with 5 % fat-free dry milk for 1 h at room temperature and then incubated with primary antibodies overnight at 4 °C, including rabbit anti-NMDAR, ADAM10, APP, Aβ~42~, αAPP, βAPP, and β-actin polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA, diluted 1:500). Subsequently, the blots were thoroughly washed and incubated with horseradish peroxidase-conjugated secondary antibodies (Cell Signaling Technology, Inc., Danvers, MA, USA, diluted 1:6,000) for 2 h at room temperature. The immunoblot on the membrane was visible after developing with an enhanced chemiluminescence (ECL) detection system and results were analyzed with National Institutes of Health Image 1.41 software (Bethesda, MD, USA).

Statistical analysis {#s4_19}
--------------------

All experiments were repeated three times and similar results were obtained. Statistical analysis was performed using the SPSS 16.0 statistics software (SPSS, Chicago, IL). Data were expressed as mean ±standard deviation (SD). Statistical analysis was performed using ANOVA and followed by the Student-Newman-Keuls post hoc tests or Student\'t test (two means comparison). *P* value of less than 0.05 was considered statistically significant.
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